Neurotrophins regulate neuronal cell survival and synaptic plasticity through activation of Trk receptor tyrosine kinases. Binding of neurotrophins to Trk receptors results in receptor autophosphorylation and downstream phosphorylation cascades. Here, we describe an approach to use small molecule agonists to transactivate Trk neurotrophin receptors. Activation of TrkA receptors in PC12 cells and TrkB in hippocampal neurons was observed after treatment with adenosine, a neuromodulator that acts through G protein-coupled receptors. These effects were reproduced by using the adenosine agonist CGS 21680 and were counteracted with the antagonist ZM 241385, indicating that this transactivation event by adenosine involves adenosine 2A receptors. The increase in Trk activity could be inhibited by the use of the Src family-specific inhibitor, PP1, or K252a, an inhibitor of Trk receptors. In contrast to other G protein-coupled receptor transactivation events, adenosine used Trk receptor signaling with a longer time course. Moreover, adenosine activated phosphatidylinositol 3-kinase͞Akt through a Trk-dependent mechanism that resulted in increased cell survival after nerve growth factor or brain-derived neurotrophic factor withdrawal. Therefore, adenosine acting through the A 2A receptors exerts a trophic effect through the engagement of Trk receptors. These results provide an explanation for neuroprotective actions of adenosine through a unique signaling mechanism and raise the possibility that small molecules may be used to elicit neurotrophic effects for the treatment of neurodegenerative diseases.
Neurotrophins regulate neuronal cell survival and synaptic plasticity through activation of Trk receptor tyrosine kinases. Binding of neurotrophins to Trk receptors results in receptor autophosphorylation and downstream phosphorylation cascades. Here, we describe an approach to use small molecule agonists to transactivate Trk neurotrophin receptors. Activation of TrkA receptors in PC12 cells and TrkB in hippocampal neurons was observed after treatment with adenosine, a neuromodulator that acts through G protein-coupled receptors. These effects were reproduced by using the adenosine agonist CGS 21680 and were counteracted with the antagonist ZM 241385, indicating that this transactivation event by adenosine involves adenosine 2A receptors. The increase in Trk activity could be inhibited by the use of the Src family-specific inhibitor, PP1, or K252a, an inhibitor of Trk receptors. In contrast to other G protein-coupled receptor transactivation events, adenosine used Trk receptor signaling with a longer time course. Moreover, adenosine activated phosphatidylinositol 3-kinase͞Akt through a Trk-dependent mechanism that resulted in increased cell survival after nerve growth factor or brain-derived neurotrophic factor withdrawal. Therefore, adenosine acting through the A 2A receptors exerts a trophic effect through the engagement of Trk receptors. These results provide an explanation for neuroprotective actions of adenosine through a unique signaling mechanism and raise the possibility that small molecules may be used to elicit neurotrophic effects for the treatment of neurodegenerative diseases.
N
eurotrophins play a prominent role in the development of the vertebrate nervous system by influencing cell survival, differentiation, and cell death events (1, 2) . Neurotrophins also exhibit acute regulatory effects on neurotransmitter release, synaptic strength, and connectivity (3, 4) . In addition to promoting axonal and dendritic branching, neurotrophins serve as chemoattractants for extending growth cones in vitro (5) . These actions are mediated by neurotrophin binding to two separate receptor classes, the Trk family of tyrosine kinase receptors and the p75 neurotrophin receptor, a member of the tumor necrosis factor receptor superfamily (6) .
Mutations in Trk neurotrophin receptor function lead to deficits in survival, axonal and dendritic branching, long-term potentiation, and behavior (7) (8) (9) . Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3, and neurotrophin-4 also bind to the p75 neurotrophin receptor, a potential cell death receptor whose actions are negated by Trk tyrosine kinase signaling (10, 11) . Therefore, the ability to regulate Trk tyrosine kinase activity is critical for neuronal survival and differentiation.
Ligands for G protein-coupled receptors are capable of activating the mitogen-activated protein (MAP) kinase signaling pathway, in addition to classic G protein-dependent signaling pathways involving adenylyl cyclase and phospholipase C (12, 13) . Induction of mitogenic receptor tyrosine kinase phosphorylation also occurs through signaling from several G proteincoupled receptors (14) . In particular, receptors for epidermal growth factor, platelet-derived growth factor, and insulin-like growth factor 1 can be transactivated by G protein-coupled receptors (12, 15, 16) . Whether transactivation of neurotrophic receptor tyrosine kinases occurs by means of G protein-coupled receptors has not been demonstrated to date.
We have tested the possibility that ligands of G proteincoupled receptors might activate neurotrophin receptors of the Trk tyrosine kinase subfamily. Here, we report that adenosine and adenosine agonists can activate Trk receptor phosphorylation, through a mechanism that requires the adenosine 2A (A 2A ) (19) . Fetuses were removed under sterile conditions and kept in PBS on ice for microscopic dissection of the hippocampus. The meninges were removed and the tissue was placed in Neurobasal media (GIBCO͞BRL). The tissue was briefly minced with fine forceps and then triturated with a fire-polished pasteur pipet. Cells were counted and plated on culture wells coated with 0.01 mg͞ml poly-D-lysine overnight. Hippocampal cells were maintained in Neurobasal media, containing B27 supplement and L-glutamine (0.5 mM). Experiments were conducted 7-10 days after plating.
Cell Death Assay. PC12 cells were differentiated in DMEM supplemented with 0.33% FBS, 0.67% heat-inactivated horse serum, 2 mM L-glutamine, and NGF (50 ng͞ml) for 7 days. Serum and NGF were then removed, and adenosine agonists or growth factors were added to the media. After 48 h, cell death was quantified by measuring lactate dehydrogenase (LDH) released from injured cells into the media by using the Cytox 96 Cytotoxicity Assay Kit (Promega). LDH values were normalized by subtracting the LDH released by cells maintained in NGF (50 ng͞ml) and scaling to a full kill (ϭ100%) reference induced by 5 min of treatment with 1% Triton, an exposure that consistently killed all PC12 cells.
Hippocampal neurons were maintained in Neurobasal media containing B27 supplement and 0.5 mM L-glutamine for 10 days. B27 was then removed, and adenosine agonists or BDNF (100 ng͞ml) were added to the media. MK-801 (1 M) was added to all conditions to decrease the contribution of N-methyl-Daspartate-mediated cell death. After 48 h, cell death was assessed by measurement of LDH released into media. LDH values were normalized by subtracting the LDH released by cells maintained in BDNF (100 ng͞ml) and scaling to full kill (ϭ100%) reference induced by 24 h of treatment with A23187 (30 M), a condition that resulted in complete cell death of all neurons (20) .
Results
Transactivation of mitogenic tyrosine kinase receptors through G protein-coupled receptors has been described previously (12, 15, 16) . To explore whether any G protein-coupled receptors exert an effect on neurotrophin receptor signaling, several ligands were tested for their ability to influence TrkA tyrosine kinase activity in PC12 cells. Receptors for each ligand are found on PC12 cells (21) (22) (23) (24) . TrkA receptors were immunoprecipitated from PC12 cell lysates and then probed with an antiphosphotyrosine antibody. Activated TrkA receptors were observed with adenosine treatment (10 M), but not with nucleotides such as ATP or GTP (Fig. 1 ). The TrkA doublet represents an underglycosylated form of 110 kDa and the fully glycosylated form of 140 kDa (17) . Activation of TrkA receptors was not observed with other G protein-coupled ligands, including bradykinin and dopamine agonists, apomorphine and quinpirole ( Fig. 1 ). The specificity of adenosine's effects was also confirmed by the use of CGS 21680, 2-[(4-(2-carboxyethyl)phenylethyl)] aminoadenosine-5Ј-N-ethylcarboxamide, a selective adenosine A 2A agonist (25) .
The effect of adenosine on TrkA receptor activity occurred in a low concentration range ( Fig. 2A) . This response was verified by the use of 1 nM CGS 21680. A time course of adenosine action showed that the increase in TrkA activation was slow and required at least 90 min (Fig. 2B) , which is delayed compared with NGF treatment. This increase was inhibited by K252a, a known inhibitor of Trk tyrosine kinases (see below). It is formally possible that adenosine treatment leads to the production of NGF by PC12 cells that could act in an autocrine fashion to stimulate TrkA receptors. This possibility was discounted by the absence of neurite outgrowth activity of supernatants taken from PC12 cells treated with adenosine and by a lack of effect of anti-NGF antibody on adenosine's action (data not shown).
Adenosine interacts with four different G protein-coupled receptors, designated A 1 , A 2A , A 2B , and A 3 receptors (26). The (Table 1) . As PC12 cells express the p75 neurotrophin receptor, which also binds 125 I-NGF, similar experiments were carried out in HEK 293 cells after transfection with TrkA. Again, excess concentrations of adenosine or CGS 21680 did not displace 125 I-NGF binding to HEK 293 cells that expressed TrkA (Table 1 ). The concentrations of adenosine and CGS 21680 were approximately 100-fold greater than those normally used in A 2A receptor binding and signaling studies (27) .
To verify adenosine interacted specifically with the A 2A receptor, several adenosine analogs were used. A low concentration (10 nM) of CGS 21680 gave a similar increase in phosphorylated TrkA receptors with the same time course as adenosine (Figs. 2 A and 3A) . In contrast, a selective A 1 receptor agonist, CPA, N(6)-cyclopentyladenosine, had no effect (Fig. 3A) . Incu- (Fig. 3A) . These results are consistent with the involvement of adenosine A 2A receptors in mediating the increase in Trk receptor activity.
The mechanism by which G protein-coupled receptors are linked to the activation of receptor tyrosine kinases is not well understood. Src family kinases have been implicated as mediators of mitogenic receptor tyrosine kinase transactivation by several G protein-coupled receptor agonists, such as lysophosphatidic acid, angiotensin II, thrombin, and bradykinin (14, 29) . To test whether a Src family member is involved in the activation of Trk receptors by adenosine, the inhibitor PP1 (30) was used. Treatment of PC12 cells with 1 M PP1 resulted in a marked decrease in the level of tyrosine phosphorylated TrkA receptors elicited by adenosine (Fig. 3B) . Increasing concentrations of PP1 produced a progressively stronger inhibition. These results suggest that the regulation of TrkA activity by adenosine may be mediated by a Src family member. An involvement of Src was previously implicated in NGF signaling downstream of its receptor (31). However, it is conceivable that members of the Src tyrosine kinase activity may be activated by G proteins. This has been demonstrated for Lck, which acts in thymocytes downstream of the ␤-adrenergic receptor and whose activity can be increased in vitro by Gs (32).
Hippocampal Neurons. To extend the generality of adenosine effects on Trk receptors, we established primary hippocampal neuronal cultures from E17 rat embryos. Hippocampal neurons predominately express the TrkB receptor and respond to BDNF (Fig. 4) . These neurons also express and A 1 and A 2A receptors (33), but not TrkA receptors. Treatment with 10 M adenosine or 10 nM CGS 21680 for 2 h gave rise to phosphorylated TrkB receptors in hippocampal neurons (Fig. 4 A and B) , similar to the activation of TrkA receptors by adenosine. An A 1 -specific agonist, CPA, however, did not activate TrkB receptors (Fig.  4B) , confirming the specificity of this effect to the A 2A receptor. These results not only extend the effects of adenosine to hippocampal neurons, but also demonstrate that TrkB can also be activated by signaling through the A 2A receptors.
Downstream Signal Transduction.
To characterize the signaling pathways activated by adenosine, further experiments were carried out. Pretreatment with 100 nM K252a abolished adenosine's activation of TrkA tyrosine kinase activity (Fig. 5 ). This concentration of K252a has been used to block NGF activation of TrkA receptors (34) and the subsequent biological effects of neurotrophins.
Many G protein-coupled receptors activate the MAP kinase pathway. Indeed, within 10 min of adenosine treatment, a marked increased in phosphorylated MAP kinase was detected in PC12 cells (Fig. 5) , consistent with previous observations (35) (36) (37) . After 10 min, the levels of activated MAP kinase declined to a baseline level. Activation of MAP kinases can be achieved either by A 2A receptors, or through Trk receptor signaling. To distinguish between these alternatives, PC12 cells were treated with adenosine in the presence and absence of K252a. Using a concentration of K252a that specifically blocks
TrkA signaling (34), we found that MAP kinase activity was not altered (Fig. 5) . Thus, MAP kinase induction occurred quickly, whereas Trk activation by adenosine followed a slower time course and did not influence MAP kinase activity. This result is in contrast to other examples of G protein-coupled receptor transactivation, in which MAP kinase activities are directly stimulated downstream of the tyrosine kinase receptor (14) . Another pathway activated by receptor tyrosine kinases is phosphatidylinositol 3Ј-kinase (PI3-kinase)͞Akt. Interestingly, adenosine (Fig. 5) or CGS 21680 treatment (data not shown) of PC12 cells was also able to activate Akt as detected by a phospho-specific antibody. This response has not been previously associated with adenosine action. The time course of Akt activation was very similar to Trk autophosphorylation induced by adenosine. This effect was eliminated either by pretreatment with K252a (100 nM) or LY2494002 (10 M), a PI3-kinase inhibitor. These results indicate that Akt activation by adenosine is Trk-and PI3-kinase-dependent.
Trophic Effects. To test the functional consequences of adenosineactivated Trk receptor activity, we assessed the ability of adenosine to maintain survival of differentiated PC12 cells after withdrawal of NGF. After culture for 48 h in the absence of NGF, cell survival was assessed by measuring LDH release. Whereas cells grown without NGF underwent rapid cell death, a one-time treatment with CGS 21680 effectively rescued nearly 50% of the cells (Fig. 6A) . The action of CGS 21680 required TrkA receptors, because K252a (100 nM) eliminated the positive effects of CGS 21680 under similar conditions that blocked the activation of TrkA receptors (Fig. 5) . Likewise, a similar dose of K252a reversed the survival effects of NGF, but not of insulinlike growth factor 1, in this deprivation assay.
Similar survival results with CGS 21680 were obtained in hippocampal neurons grown in the absence of BDNF (Fig. 6B) . The action of CGS 21680 was again dose-dependent and K-252a-sensitive. Treatment with CGS 21680 effectively rescued Ͼ60% of the cells (Fig. 6B) . Hence, a potent adenosine agonist at nanomolar concentrations was able to reverse cell death in both PC12 cells and hippocampal neurons initiated by withdrawal of trophic support by neurotrophins.
The ability of K252a to block adenosine's trophic effect as well as induction of Trk receptor activity suggested that Trk receptor downstream signaling was involved in this process. This was confirmed by the ability of LY294002 to eliminate the trophic effect of CGS 21680 after NGF withdrawal (Fig. 6) , indicating that the PI3-kinase͞Akt pathway was involved in the survival effects of adenosine. Consistent with the lack of a MAP kinase response, we did not find that the mitogen-activated kinase kinase inhibitor PD98059 had any effect on survival imparted by CGS 21680.
Discussion
Adenosine receptor activation leads to many modulatory effects on neuropeptide and neurotransmitter systems (38) . Here, we report a property of adenosine in neuronal cells that affects neurotrophin signaling. Through crosstalk with Trk receptor tyrosine kinases, adenosine is capable of activating the PI3-kinase͞Akt cascade, resulting in a survival response in PC12 and hippocampal cells. This response is similar to the effect of NGF and BDNF on their Trk receptors, but differs in the longer time course.
Neurotrophin receptors and A 2A receptors have considerable overlap in their central and peripheral nervous system distribution. In the central nervous system, A 2A receptors are expressed in striatum, amygdala, and olfactory tubercles, and in cerebral cortex, hippocampus, and cerebellum (39) . All of these regions express TrkB receptors. In the peripheral nervous system, A 2A receptor expression has been localized primarily to dorsal root ganglion and superior cervical ganglion (40) , two regions that express TrkA receptors. Interestingly, mice deficient in the adenosine A 2A receptor display decreased sensitivity to thermal stimulation (41) . It is noteworthy that mice with mutations in NGF or TrkA also display hypoalgesia to thermal and mechanical stimuli.
What are the in vivo consequences of these events observed in culture? During hypoxia or ischemic conditions, adenosine is released in large amounts and can mediate cellular protection. A 2A receptor agonists, such as CGS 21680, have been shown to be neuroprotective against ischemia (42, 43) and kainateinduced neuronal damage (44) in animals. However, A 2A antagonists have been also reported to reduce hypoxic-ischemic neuronal injury (43, 45) . The differential effects of A 2A receptor ligands may reflect short term versus long term effects by adenosine receptors (46) . Acute effects of adenosine analogs may lead to opposite effects on neuroprotection than chronic treatment. Engagement of receptor tyrosine kinases such as the Trk subfamily may account for differences in the functional consequences of adenosine action. A distinctive feature of adenosine's transactivation of Trk is the longer time course of Trk mediated signaling, which is similar to neurotrophin-induced signaling.
Adenosine has been proposed as a potential treatment for a wide number of neurological disorders, including cerebral ischemia, sleep disorders, hyperalgesia, Parkinson's disease, and other neurodegenerative conditions (47) . Previous effects on growth arrest and enzyme induction by adenosine in PC12 cells (48, 49) might well be explained by transactivation of TrkA receptors. Our findings on adenosine delineate a pathway for activating the neurotrophin signaling system in the absence of neurotrophins. In contrast to other transactivation events involving receptor tyrosine kinases that lead to transient increases in MAP kinase activity, G protein-coupled receptor signaling to neurotrophin receptors leads to selective activation of the PI3-kinase͞Akt pathway over a prolonged time course.
These findings provide a mechanism for the neuroprotective actions of adenosine involving engagement of the A 2A receptor, transactivation of Trk tyrosine kinase receptors, and selective induction of the PI3-kinase͞Akt pathway. A number of approaches have been taken to use neurotrophins to treat Alzheimer's dementia, amyotrophic lateral sclerosis, and peripheral sensory neuropathy (50, 51) . However, there are considerable hurdles in the use of neurotrophic molecules that are related to difficulties in their delivery and pharmcokinetics and unanticipated side effects (51) . The selective and sustained effects of adenosine on survival signaling pathways suggest that small molecules may be used to target populations of neurons that express both adenosine and Trk receptors. The identification of small ligands in the G protein-coupled receptor family that regulate tyrosine kinase activity in neural cells offers a strategy for promoting trophic effects during normal and neurodegenerative conditions. (A) NGF-differentiated PC12 cells were prepared, and then NGF and serum were withdrawn for 48 h as described in Materials and Methods. On NGF withdrawal, various concentrations of CGS 21680 (CGS) were added to the media. CON, no addition. NGF (50 ng͞ml), insulin-like growth factor 1 (ϭIGF-1) at 100 ng͞ml, and CGS 21680 (10 nM) were added together with K252a (100 nM), LY294002 (10 M), or PD98059 (25 M) upon NGF withdrawal. (B) Hippocampal neurons were prepared and B27 was withdrawn for 48 h as described in Materials and Methods. Upon B27 withdrawal, various concentrations of CGS 21680 (CGS) were added to the media. CGS 21680 (10 nM) and BDNF (100 ng͞ml) were added together with K252a (100 nM) on B27 withdrawal. All LDH levels were quantitated and % cell death calculated as described in Materials and Methods. All bars depict mean ϩ SEM from three independent experiments.
